Aims Most studies on seed position-dependent effects have focused on germination characteristics. Our aim was to determine the effects of seed position in the spikelet on differences in timing of germination and on the ecological life history of the grass Eremopyrum distans in its cold desert habitat. † Methods For seeds in three spikelet positions, morphology, mass and dormancy/germination characteristics were determined in the laboratory, and seeds planted in field plots with and without watering were followed to reproduction to investigate seedling emergence and survival, plant size and seed production. † Key Results After maturation, of the seeds within the spikelet, basal ones (group 1) are the largest and have the highest proportion with physiological dormancy, while distal ones (group 3) are the smallest and have the highest proportion of non-dormant seeds. A higher percentage of seeds after-ripened in groups 2 and 3 than in group 1. Seeds sown in the field in early summer and watered at short, regular intervals germinated primarily in autumn, while those under natural soil moisture conditions germinated only in spring. Both cohorts completed their life cycle in early summer. Seeds in group 1 had lower percentages of seedling emergence and higher percentages of seedling survival than those in groups 2 and 3. Also, plants from group 1 seeds were larger and produced more seeds per plant than those from groups 2 and 3. † Conclusions Seed position-dependent mass was associated with quantitative differences in several life history traits of E. distans. The environmentally enforced (low soil moisture) delay of germination from autumn to spring results in a reduction in fitness via reduction in number of seeds produced per plant.
INTRODUCTION
The position of a seed or fruit on a plant can affect its morphology, mass and dormancy/germination characteristics (Gutterman, 2000; Baskin and Baskin, 2001; Moravcová et al., 2005) , and these responses are described as 'positiondependent effects' (Cheplick and Sung, 1998; Moravcová et al., 2005) . Variations in dormancy and germination may occur in seeds/fruits from subterranean versus aerial flowers of amphicarpic plants (Baskin and Baskin, 2001) or from flowers produced in/at different (a) parts of the same inflorescence (Datta et al., 1970) , (b) inflorescences at different positions on a plant (Venable and Lawlor, 1980; Venable et al., 1987) , (c) heights on the stem (Baskin and Baskin, 2001) or (d ) positions in a bur (Baskin and Baskin, 2001) or fruit (Maun and Payne, 1989) . These differences may be due to (a) resources not being allocated equally to all seeds (Datta et al., 1970) and/or (b) seeds produced at one position (e.g. at the base of an inflorescence) developing under different environmental conditions than those produced at another position (e.g. at the top of an inflorescence), including differences in physiological age of the mother plant at the time seeds are produced (Baskin and Baskin, 2001) .
Recently, most studies of position-dependent effects have focused on germination characteristics of seeds at different positions. The best examples of how the position within an inflorescence influences germination of the progeny are found in a number of species of Asteraceae with both disc (central) and ray (peripheral) flowers in the head (Baskin and Baskin, 2001) . Other examples of variation in germination responses by seeds produced in different parts of the same inflorescence include some species of Poaceae, e.g. Aegilops ovata (Datta et al., 1970) , A. neglecta, A. geniculata and A. triuncialis (Marañon, 1987) . In these grasses, the basal seed (caryopsis) in a spikelet is larger and less dormant than the upper one. The annual dunegrass Triplasis purpurea exhibits a position-dependent seed heteromorphism in seed number, mass and dormancy/germination characteristics (Cheplick and Sung, 1998) . However, little is known about the effects of seed position in the spikelet on differences in timing of germination and the consequences on the ecological life history of annual grasses.
The effects of seed position in the spikelet on seed morphology and mass, seed dormancy/germination characteristics, seedling survival, plant size and seed production of the cold desert annual grass Eremopyrum distans were investigated. The primary objective of the research was to determine whether there are seed position-dependent effects in spikelets of E. distans and, if so, what the consequences are for the ecological life history of the species in its cold desert habitat with summer rainfall.
MATERIALS AND METHODS
Study species, seed collection site and germination test temperatures Eremopyrum distans (C. Koch) Nevski, a close relative of cultivated wheat (Liu and Ding, 1996) , grows in the former Soviet Republics of central Asia, and in Caucasus, Asia Minor, Iran, Himalayas and the northern part of Xinjiang Province in China (Cui et al., 1996; Fedorov, 1999) . In the Junggar Desert of Xinjiang Province, it is widely distributed and is an important component of the desert vegetation in early spring. The species has important ecological value since it increases the roughness of the ground and helps stabilize sandy soil. Also, it is one of the prime early-spring native forage species for livestock (Lv and Tan, 2005) . There are several tillers on an individual plant, and each has one compound spike that contains several spikelets. The number of florets in a spikelet varies from 1 to 7, and florets in a spikelet were numbered from 1 (the most basal) to 7 (the most distal; Fig. 1 ). None of the most distal florets in spikelets produced seeds, and ,1 % of florets in positions 4 -6 produced seeds (A. B. Wang, pers. obs.). Thus, seeds in positions 1, 2 and 3 were used in this study and were placed in groups 1, 2 and 3, respectively.
The study site, on Yamalic Mountain, about 2 km from the laboratory in Urümqi, China, has typical desert vegetation, gravelly grey desert soil and a continental climate (Sun et al., 2009 , 400 -700 nm, cool white fluorescent light) or in constant darkness (seeds in Petri dishes were put in black bags) for 28 d. A seed was considered to be germinated when the radicle had emerged. The four higher temperature regimes approximate mean daily maximum and minimum monthly air temperatures in the vicinity of Urümqi at different times during the growing season: March, April and November, 15/2 8C; May, September and October, 20/10 8C; June and August, 25/15 8C; and July, 30/15 8C (Sun et al., 2009) . Since the winter temperature in the vicinity of Urümqi is below 0 8C and seeds would not germinate at this temperature, the 5/2 8C temperature regime was used to simulate late winter temperature and test the effects of low temperature on germination of the seeds (Sun et al., 2009) .
Effect of seed position on seed morphology and mass
Average dimensions and mass of seeds produced were determined in each of the three spikelet positions. The lemma and palea were removed from 30 seeds of each group and their lengths and widths measured by a vernier caliper. Also, lengths of trichomes, awns and teeth were measured. Ten replicates of 100 seeds each were weighed using an electronic analytical balance.
Effect of seed position, light and temperature on germination of fresh seeds
To investigate germination responses of fresh seeds, four replicates of 25 fresh seeds each of the three groups were incubated on two layers of Whatman No. 1 filter paper moistened with 2 . 5 mL of distilled water in 9-cm-diameter plastic Petri dishes in light and in constant darkness at the five temperature regimes, as described above. Germination in light was examined daily for 28 d, and any seeds that had germinated were removed at each counting; distilled water was added as needed. Seeds incubated in constant darkness were checked Numbers 1-7 refer to seeds in a spikelet. Seeds in positions 1, 2 and 3 were placed in study groups 1, 2 and 3, respectively. The shaded position in a spikelet indicates a filled seed (all seeds used in this study were filled and presumably viable), and non-shaded position indicates an empty seed.
only after 28 d, and thus they were not exposed to any light during the incubation period. The rate of germination in light was estimated using the Timson index of germination velocity: germination index ¼ SG/t, where G is seed germination percentage at 1-d intervals and t the germination period (Timson, 1965; Wang et al., 2008) . In this equation, a high value indicates rapid germination, with the highest value obtainable being 100 (i.e. 2800/28).
Tetrazolium viability tests were conducted on ungerminated seeds in each group of E. distans seeds. Embryos were removed from seeds and cut into halves and then one part of each embryo was placed in 0 . 1 % aqueous 2,3,5-triphenyl tetrazolium chloride solution in the dark for 24 h at 30 8C. Embryos that stained red or pink were considered to be viable. The proportion of seeds in each group giving a positive test for viability was recorded.
Breaking seed dormancy
Germination of fresh seeds of each group in light and in darkness at all temperature regimes was ,80 %. Seed viability tests using tetrazolium chloride gave a positive test in nearly 95 % of the ungerminated seeds in each group, indicating that most of the ungerminated seeds were still viable but dormant. Therefore, effects of dry storage and gibberellic acid (GA 3 ) on dormancy-break were determined for seeds of the three groups.
Dry storage. After-ripening is one of the characteristics of seeds with non-deep physiological dormancy (PD) (Baskin and Baskin, 2001 ). Thus, this experiment aimed to determine if seeds come out of dormancy (after-ripened) during dry storage. Seeds of each group were stored for 0 (control) and 12 months in a closed cotton bag under room conditions (18 -25 8C, 15 -30 % relative humidity), beginning on 22 June 2008. After dry storage, four replicates of 25 seeds of each group were incubated in Petri dishes on two layers of filter paper moistened with distilled water at each temperature regime in light and in constant darkness for 28 d.
GA 3 treatments. GA 3 is a plant growth regulator that can break dormancy in seeds with non-deep PD (Nikolaeva, 1977) . To test the effects of GA 3 on dormancy break, four replicates of 25 fresh seeds of each group were incubated in 0 (distilled water control), 0 . 1, 1 and 10 mmol L 21 GA 3 solutions in light at the optimal temperature regimes for each seed position of E. distans for 28 d. Germination was checked daily.
Effect of seed position on germination of seeds after burial in field After 2 weeks of dry storage at room temperature, approx. 600 seeds of each group were placed in each of 12 fine-mesh nylon bags, i.e. the total number of bags for each group was 12. Each bag was buried to a depth of 7 cm in soil in a 16-cm-diameter, 19 . 5-cm-deep plastic pot with drainage holes, and then the pots were buried (the top of the pot was even with the soil surface) in gravel desert soil in the experimental garden of Xinjiang Agricultural University, in Urümqi, about 2 km from the site where seeds were collected. Seeds were subjected to natural temperature and soil moisture conditions; temperature and rainfall data were recorded at a weather station about 30 m from the pots.
Germination tests were conducted on seeds of each group that had been buried for 1 -12 months. Beginning on 22 July 2008, seeds were exhumed on the same day of each month for 12 months (except in January and February 2009, when the soil was frozen and seeds could not be exhumed). All seeds were incubated in 9-cm-diameter plastic Petri dishes, and four replicates of 25 seeds each were placed in light at each temperature regime for 28 d. Germination was examined daily for 28 d. Any seeds that had germinated were removed at each counting, and distilled water was added when needed.
Effect of seed position on seedling emergence and survival, plant size and seed production Six replicates of 100 seeds of each group were sown on 30 June 2008 in 1-m (length) × 0 . 5-m (width) plots in gravel desert soil in the experimental garden of Xinjiang Agricultural University. Seeds were protected from predation by formation of a 20-cm high ridge of soil around each plot, and two layers of fine-mesh netting were placed over the plots (resting on the ridge of soil). The netting was removed in late autumn, when seedlings were well established and ungerminated seeds had become covered by soil. Three replicates of each seed group were kept under natural soil moisture conditions, while the other three were watered to field capacity regularly. The watering intervals were set as follows: 
Data analysis
Data were transformed as necessary to meet normality and homogeneity of variance assumptions. If the ANOVA assumptions were violated after data transformation, treatment differences were assessed by using the more conservative Kruskal -Wallis non-parametric test. While analysis was done on transformed data, non-transformed data are presented in the figures.
These data were analysed using SPSS for Windows, Version 13 . 0 (SPSS Inc., Chicago, IL, USA). One-way ANOVA tested for effect of seed position on seed dimensions and mass, percentages of seedling emergence, percentages of seedling survival, plant size and seed production in the experimental garden. Two-way ANOVA was used to test for the significance of main effects (seed position and temperature) and their interaction on germination of buried seeds and on germination velocity of fresh seeds. Three-way ANOVA was used to test for significance of main effects (seed position, light and temperature) and their interaction on germination percentage of fresh seeds and main effects [seed age (fresh seeds or seeds after 12 months of dry storage), temperature and seed position] and their interaction on germination rate of seeds, and main effects (GA 3 concentration, temperature and seed position) and their interaction on germination of fresh seeds. Four-way ANOVA was used to test for significance of main effects [seed age (fresh seeds or seeds after 12 months of dry storage), light condition, temperature and seed position] and their interaction on germination percentages. Tukey's HSD test was performed for multiple comparisons to test for significant (P , 0 . 05) differences between individual treatments. Statistical tests were conducted at P ¼ 0 . 05. Values are means + 1 standard error (Sokal and Rohlf, 1995) .
RESULTS

Effect of seed position on seed morphology and mass
Seed position had significant effects on seed dimensions, except for length of palea and of palea teeth, with the dimension of each character decreasing as seed position increased (Table 1) . Mass of the intact seed, of seed without lemma and palea and of lemma and palea decreased significantly as seed position increased (Fig. 2) .
Effect of seed position, light and temperature on germination of fresh seeds Germination percentage was significantly affected by seed position (P , 0 . 001), light (P , 0 . 001), temperature (P , 0 . 001), the interaction between seed position and temperature (P , 0 . 001), the interaction between seed position and light (P ¼ 0 . 016) and the interaction between seed position, light and temperature (P , 0 . 001), but not by the interaction between light and temperature (P ¼ 0 . 394). For fresh seeds, germination percentages increased as seed position increased at all temperature regimes both in light and in darkness ( Fig. 3A and B) . Germination velocity of fresh seeds was significantly affected by seed position (P , 0 . 001), temperature (P , 0 . 001) and their interaction (P , 0 . 001), and it increased as seed position increased at each temperature regime (Fig. 4A) . In light, group 1, 2 and 3 seeds had the highest germination percentage and germination velocity at 5/2, 20/10 and 25/15 8C, respectively.
Breaking seed dormancy Dry storage. After 12 months of dry storage, germination percentages were higher than those of fresh seeds. Generally, germination percentages of 12-month-old seeds were higher for group 2 and 3 seeds than for group 1 seeds in both light and constant darkness (Fig. 3C and D) . The main factors and their interactions significantly affected germination except for the interaction among seed age, light condition and seed position ( Table 2 ). In light, germination of group 2 and group 3 seeds was .85 % at all temperature regimes, and maximum germination was 97 . 0 + 0 . 5 % (at 20/10 8C) and 99 . 0 + 0 . 3 % (at 25/15 8C) for the two groups, respectively. Maximum germination for group 1 seeds was 92 . 0 + 0 . 5 % (at 5/2 8C). In constant dark, maximum germination was 80 + 2 . 2 % (at 5/2 8C), 85 + 3 . 8 % (at 20/10 8C) and 86 + 2 . 9 % (at 25/15 8C) for groups 1, 2 and 3, respectively. After 12 months of dry storage, germination velocity of seeds was higher than that of fresh seeds and increased as seed position increased (Fig. 4B) . Germination velocity was significantly affected by seed age (P , 0 . 001), temperature (P , 0 . 001), seed position (P , 0 . 001), the interaction between seed age and temperature (P ¼ 0 . 003), the interaction between seed age and seed position (P , 0 . 001), the interaction between temperature and seed position (P , 0 . 001) and the interaction among the three main factors (P , 0 . 001).
GA 3 treatments. Germination percentages of fresh seeds were significantly different at different GA 3 concentrations (P , 0 . 001) and seed positions (P , 0 . 001). However, temperature (P ¼ 0 . 451) did not significantly affect germination. The highest germination for group 1, 2 and 3 seeds was 28 + 4 . 3 % (at 1 mmol L 21 GA 3 , 5/2 8C), 86 . 0 + 2 . 6 % (at 0 . 1 mmol L
21
GA 3 , 20/10 8C) and 87 . 0 + 3 . 4 % (at 0 . 1 mmol L 21 GA 3 , 25/ 15 8C), respectively (Fig. 5) .
Effect of seed position on germination of seeds after burial in field After 1 month of burial in soil, group 1, 2 and 3 seeds germinated to a significantly higher percentage than did fresh ones at all temperature regimes in light (P , 0 . 001). At the five temperature regimes, germination after 1 month of burial ranged from 14 . 4 + 2 . 0 to 36 . 7 + 4 . 97 % for group 1, 45 . 0 + 1 . 9 to 89 . 0 + 1 . 0 % for group 2 and 68 . 6 + 5 . 0 to 93 . 0 + 1 . 9 % for group 3 seeds. After 2 months of burial, germination at the five temperature regimes had declined to 3 . 0 + 1 . 0 to 32 . 4 + 6 . 0 % for group 1, 24 . 0 + 3 . 3 to 79 . 0 + 1 . 9 % for group 2 and 7 . 0 + 2 . 5 to 21 . 0 + 1 . 9 % for group 3 seeds, and after 3 months of burial it was only 0 . 0 + 0 . 0 to 4 . 0 + 0 . 0 % for group 1, 11 . 0 + 1 . 0 to 27 . 0 + 0 . 4 % for group 2 and 0 . 0 + 0 . 0 to 1 . 0 + 0 . 1 % for group 3 seeds. Germination for all seed groups at all temperature regimes ranged from 0 . 0 + 0 . 0 to 3 . 0 + 1 . 9 % after 4 and 5 months of burial and from 0 . 0 + 0 . 0 to 7 . 0 + 4 . 7 % after 8, 9 and 10 months (data not shown). After 11 months of burial, none of the seeds germinated, and all of them collapsed when gently pinched with forceps, indicating that they were empty and dead.
Effect of seed position on seedling survival, plant size and seed production
Under natural temperature and soil moisture conditions, no seeds germinated in autumn, but they did germinate in spring ( Figs 6C and 7) . When watered regularly, seeds of each group germinated in summer -autumn and in spring; most seeds germinated in autumn and only a few in spring (Fig. 6A) . Regular watering of each seed group resulted in percentages of seedling emergence (P , 0 . 001) and survival (P , 0 . 001) that were significantly higher for summerautumn germination than for spring germination. Height of plants (P , 0 . 001), number of tillers per plant (P , 0 . 001), number of spikelets per tiller (P , 0 . 001) and number of seeds per spikelet (P , 0 . 001) of plants from seeds that germinated in summer -autumn were significantly greater than those of plants from seeds that germinated in spring (Table 3) .
Seedling emergence (%) in summer-autumn (watering; P ¼ 0 . 001) and spring (natural moisture; P , 0 . 001) increased significantly as seed position increased (Table 4) . Percentages of seedling emergence in spring (watering) were not significantly affected by seed position (P ¼ 0 . 159), but they increased as seed position increased. Seedling survival in summer -autumn (watering; P ¼ 0 . 340), spring (watering; P ¼ 0 . 858) and spring (natural moisture; P ¼ 0 . 472) was not significantly affected by seed position, but decreased as seed position increased (Table 4) . Height of plants, number of tillers per plant and number of seeds per spikelet from seedlings derived from summer -autumn (watering), spring (natural moisture) and spring (watering) germination all decreased significantly as seed position increased (P , 0 . 05). However, the number of seeds per spikelet produced by plants from spring (natural moisture) germination was not significantly affected by seed position (P ¼ 0 . 055). On the other hand, the number of spikelets per tiller increased significantly as seed position increased (P , 0 . 05). The heights of plants decreased significantly as seed position increased (P , 0 . 001), regardless of whether or not seeds were watered or when they germinated (summer-autumn versus spring). The surviving plants from group 1 seeds produced a larger number of seeds per plant than those from either group 2 or group 3 seeds. However, the total number of surviving plants from group 2 or group 3 seeds was larger than that from group 1 seeds, and all surviving plants from group 1 seeds produced a smaller total number of seeds than surviving plants from either group 2 or group 3 seeds (Table 3) .
DISCUSSION
Caryopses (seeds) from three positions in spikelets of E. distans differed significantly in size, with the basal seed being largest and the distal one smallest, which is the same as that in some other Poaceae such as Aegilops spp. (Datta et al., 1970; Marañon, 1989) . When resources are limited, fruits or seeds at the position nearest to the source of the photosynthetic product and nutrition have priority in space to compete for resources, and fruits or seeds that develop earlier have the priority in time to compete for resources (Wyatt, 1980 (Wyatt, , 1982 Webb and Bawa, 1985; Vaughton, 1993) . Thus, seeds of E. distans at the basal position in spikelets developed first, and there was a greater time period over which seeds could increase in size. Seed filling in grass spikelets occurs with the growth of plants, and the length of the seed maturation period decreases with increasing seed position. Thus, the variation in seed mass associated with seed position may be a function of variation in the timing and duration of reproductive development (Cheplick and Clay, 1989) . In many species, including grasses, the position on the mother plant where the seed matures has an effect on seed dormancy and germination. In various grasses, including speices of Aegilops (Marañon, 1987) , Agrostis (Gonzalez-Rabanal et al., 1994) and Avena (Salimi and Ghorbanli, 2001) , the basal seed in the spikelet is larger and less dormant than the upper one. In Avena fatua, the basal seed is non-dormant, but the second one has PD (Raju and Ramaswamy, 1983) . Thus, seeds in the spikelet of E. distans are similar to those of Aegilops, Agrostis and Avena in that the basal seed (group 1) had greater mass than group 2 or group 3 seeds. However, in contrast to the species mentioned above, the basal (group 1) seeds in spikelets of E. distans were more dormant than group 2 or group 3 seeds, as reflected by lower germination percentages of fresh group 1 than fresh group 2 or 3 seeds.
The only kind of dormancy known to occur in the Poaceae is non-deep PD Baskin, 1998, 2001) . Depending on the species, freshly matured seeds of grasses may be nondormant (Grime et al., 1981; Washitani and Masuda, 1990) , or they may have PD (Gutterman et al., 1996; Baskin and Baskin, 1985a) . In the present study, evidence for presence of non-deep PD in the three groups of E. distans seeds is 2-fold.
(1) A portion of seeds in each group after-ripened during dry storage under room conditions and also while they were buried in the field from June to July. However, more seeds of groups 2 and 3 after-ripened than did those in group 1. (2) GA 3 broke dormancy in a substantial portion of group 2 and group 3 seeds but only in a small portion of group 1 seeds. In E. distans, there is a mixture of non-dormant and PD seeds in the collection, like the summer annual grasses Leptochloa panicoides (Baskin et al., 1993) and Setaria glauca (Baskin et al., 1996) . In E. distans, however, seeds differed in dormancy among the groups. Group 3 had the highest proportion of non-dormant seeds, while group 1 had the highest proportion of seeds with PD. Dormancy break via after-ripening of seeds during summer means they are capable of germinating in autumn if soil moisture and light/dark conditions are favourable; this timing of dormancy break and germination is a characteristic of seeds of winter annuals (Baskin and Baskin, 2001) . A portion of seeds in each group of E. distans after-ripened in summer and thus exhibited the winter annual pattern of timing of dormancy break. However, unlike seeds of winter annuals that exhibit changes in the range of temperatures during dormancy break at which seeds will germinate (Baskin and Baskin, 1985b) , the three groups of E. distans seeds exhibited no increase or decrease in the temperature range for germination, i.e. fresh, as well as after-ripened group 1, 2 and 3 seeds germinated at all five temperature regimes. During the after-ripening period, germination percentages increased at all temperatures, but temperature range for germination did not change.
Seed mass can have an influence on germination percentages and rates. In general, large seeds of a species germinate to higher percentages than small ones, e.g. the grass Leymus arenarius (Greipsson and Davy, 1995) , but sometimes small seeds of a species germinate to high percentages than large ones, e.g. Lolium spp. (Akpan and Bean, 1977) . Germination rates are often higher for the small than the large seeds of a species, e.g. Leymus arenarius (Greipsson and Davy, 1995) with exceptions in some species such as Psammochloa villosa (Zhu et al., 2005) . In E. distans, germination percentages and rates were highest for group 3 seeds, which had the smallest mass, and lowest for group 1 seeds, which had the greatest mass. It is not known why the large group 1 seeds germinated more slowly and to a lower percentage than the smaller group 2 and 3 seeds. However, the germination percentages and rates of different groups/ sizes of E. distans seeds do not seem to be exceptional in view of the response of seeds of various sizes in other grass species.
Regardless of whether seeds after-ripened in dry storage or in the soil in the field, they gained the ability to germinate at autumn temperatures. By autumn, the temperatures both in the habitat and those required for germination overlap, but seeds usually cannot germinate in autumn because sufficient soil moisture is not present. In 2008, precipitation in the garden in Urümqi, where the experimental plots were located, was 9 . 6 mm, 21 . 4 mm, 17 . 1 mm and 16 . 8 mm for June, July, August and September, respectively (Fig. 7) . Thus, without regular watering the soil under natural moisture (Fig. 7) , suggesting the soil probably was moist most of the time. Under natural soil moisture conditions in spring, some seeds in each group of E. distans germinated; the number of seeds that germinated increased as seed position increased. The plants from seeds that germinated in spring were short-lived summer annuals or spring ephemerals. Thus, E. distans has the potential to behave as a winter annual, but since natural soil moisture conditions prevent germination in autumn its seeds normally germinate in spring. It should be noted that some seedlings of E. distans have been observed in the field during relatively moist autumns and that the seedlings survive during the winter (A. B. Wang and D. Y. Tan, pers. obs.) . In autumn 2008, no seedlings of E. distans were observed in the field, except in watered plots.
The delay of germination until spring also occurs for some seeds of temperate-zone facultative winter annuals, but the delay in germination of E. distans and facultative winter annuals may be for different reasons. In facultative winter annuals, seeds exposed to natural low-temperature regimes in late autumn and winter lose the ability to germinate at high, but not at low, temperatures, i.e. they enter conditional dormancy. Thus, seeds can germinate at low habitat temperatures in spring (Baskin and Baskin, 1981) . The buried seeds of E. distans died, so it is not known if there were any changes in temperature responses of the seeds during winter. However, germination of seeds in the natural soil-moisture plots show that they not only remained viable on the soil surface but were capable of germinating at early spring temperatures.
Although more buried seeds of group 2 than of groups 1 and 3 were alive after 2, 3 and 4 months of burial, essentially all seeds of the three groups were dead after 5 months of burial.
Seed survival from June 2008 to March and April 2009, when germination occurred in the field, obviously was higher for seeds on the soil surface than for those buried in the soil. The reason why all the buried seeds died is not known, but these results suggest that E. distans would not form a persistent soil seed bank. Seeds of many species of grasses do not form a soil seed bank (Baskin and Baskin, 1998) ; thus, the short life span of E. distans seeds buried in the soil is not too surprising. Since E. distans apparently does not form a soil seed bank, it is important that the species sets seeds each year. Having the flexibility to germinate in either autumn (if soil moisture is sufficient) or spring (when soil moisture is almost always sufficient for germination and plant growth) helps ensure the survival of the species.
Seed position also had an effect on seedling emergence and survival in the field experiment, and on subsequent plant size and seed production; however, this effect was always associated with seed mass. Regardless of soil moisture regime in the field or season of germination, fewer seeds from group 1 germinated, but a higher proportion of seedlings from group 1 seeds survived than from group 2 or 3 seeds. Likewise, seedlings from large seeds of the grass Amphicarpum purshii survived better than those from small seeds Quinn, 1982, 1983) . In each soil moisture condition and at each germination time, plants from group 1 seeds were larger and produced more seeds than those from either group 2 or 3 seeds. The reason for this phenomenon may be that, compared with small seeds, large seeds always had more food reserves (Stanton, 1985) , and seedlings from large seeds were larger (Venable and Levin, 1985; Imbert et al., 1997) and had a greater ability to grow (Ellison, 1987; Beneke et al., 1993) . Thus, plants from large seeds had more reproductive output than those from small seeds (Venable and Levin, 1985) . Given the vulnerability of the seedling phase in many species (Fenner, 1987) and the potential difficulties of seedling establishment in the desert environment (Sun et al., 2009) , in some years seed mass may be especially critical to successful establishment in the annual ephemeral E. distans.
In considering the relationship of E. distans seedlings with other life-history stages of this species, it is important to know the number of surviving offspring from seeds at different positions (sizes) in the spikelet and the number of seeds the survivors produce (see Moles and Leishman, 2008) . If only the E. distans seeds that germinated under natural soilmoisture conditions (i.e. in spring) were considered, the highest percentage survival of seedlings would be for offspring of group 1 seeds. However, since fewer group 1 than group 2 or 3 seeds germinated, there were actually more living offspring from group 2 and 3 than from group 1 seeds in the plots. Further, although plants from group 1 seeds produced more seeds per plant than those from group 2 or 3 seeds, the total number of seeds produced by plants from group 2 or 3 seeds was higher than that of plants from group 1 seeds. Of course, each plant produced by a seed from any of the three groups, regardless of when the seed germinates, will produce group 1, 2 and 3 seeds, ensuring that there will be a diversity of germination responses and survival and reproductive strategies in the next generation. Seeds in different positions in spikelets may represent different strategies in the life history of E. distans. Distal seeds have a 'high-risk' strategy in which germination is fast and germination percentages are high, but the fitness of seedlings is relatively low. Basal seeds have a 'cautious' or 'low-risk' strategy in which germination is slow and germination percentages are low, but the fitness of seedlings is high. The possession of two seed strategies may represent a form of bet-hedging (Venable and Levin, 1985) which can spread risk in time and space. If all seeds in a spikelet had a fast rate and high percentage of germination strategy, it might prove to be disastrous if the rain that promoted germination was followed by a long drought or severe disturbance. In contrast, if all seeds in a spikelet had a slow rate and low percentage of germination strategy, seedlings might avoid disastrous environmental conditions but not be capable of taking advantage of relatively brief periods of favourable conditions for growth. Thus, two strategies among the offspring of a single plant help ensure that successful germination, seedling survival and seed production will occur.
Although there is a potential for both a high-risk and a cautious strategy in E. distans, the rigors of the desert environment, especially the dryness in most autumns, prevents a strong expression of the two strategies, i.e. the soil is too dry in most years for any seeds to germinate in autumn, and germination occurs only in spring. Thus, the environmentally enforced (by low soil moisture) delay of germination of seeds from all positions from autumn to spring results in a reduction in the number of seeds produced per plant and consequently a reduction in fitness. However, even if all seeds from the different positions in the spikelet germinate in spring, there is still some evidence of the two strategies, i.e. although spring germination results in a reduction of fitness of plants from group 1, 2 and 3 seeds, plants from group 1 seeds ( probably due to their greater mass) produce more seeds per plant than those from group 2 or 3 seeds.
